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Anabaena spiroides has the ability to maintain intense biomass production for
extensive periods in the epilimnion of a small eutrophic lake characterized by
conditions shown to cause photooxidative death in a number of other phytoplank-
ton. By the enhancement of carotenoid synthesis chlorophyll a was protected
from photooxidation and prevented from catalyzing other photooxidative reac-
tions within the cells. By temporally separating CO2 and N2 fixation, maximum
utilization of photosynthetically active radiation was achieved. Because C02
fixation was more sensitive than N2 fixation to a high oxygen concentration, the
former was maximized during morning hours, before the afternoon buildup of
dissolved oxygen. The diurnal partitioning of carbon and N2 fixation has two
additional advantages; possible competition for reductant-generating compounds
is minimized, and adequate endogenous pools of carbon skeletons are assured to
accept newly fixed ammonia. Hence, Anabaena, far from undergoing photooxi-
dative death, appears to utilize a physiological strategy which allows optimization
of radiant energy use for reductive processes and dominance of surface waters
and shading of deeper phytoplankton during summer blooms.
Blue-green algal blooms are common and re-
current events in many eutrophic lakes (17, 19,
20, 41). Blooms are often formed by genera ca-
pable of fixing nitrogen, an ability suggested as
a primary factor leading to their dominance in
the epilimnia of thermally stratified lakes (6).
Considerable energy is required to fix elemental
nitrogen (N2) (18). To meet this demand, blue-
green algae rely heavily on photosynthetically
active radiation (PAR). Accordingly, they are
confined to the upper waters, where such radia-
tion is abundant. Occupying this region, how-
ever, is not without environmental constraints.
High light intensity and excess dissolved oxygen,
coupled with low free carbon dioxide (CO2), a
characteristic of these surface waters, can en-
hance photooxidative reactions, which in turn
can lead to the death of a variety of blue-green
algae (7). Photorespiration, which reduces CO2
fixation, is also enhanced by these conditions
(40). In addition, N2 fixation has been shown to
be at least temporarily inhibited by high am-
bient dissolved oxygen, even in the heterocys-
tous blue-green algae Anabaena (29, 37).
Despite these limitations, however, An-
abaena can maintain prolonged and intense bi-
omass production (12, 30, 33) even when dis-
solved oxygen levels reach 200 to 300% satura-
tion, when incident PAR is high, and when free
t Present addres: Lake Mead Limnological Research Cen-
ter, University of Nevada, Las Vegas, NV 89154.
CO2 is low. It thus appears that additional means
of protecting the N2 and CO2 fixing apparatus
must supplement the structural protection pro-
vided by heterocysts.
MATERIALS AND METHODS
Biomass determinations. Diurnal studies were
conducted on hypereutrophic Thompson Lake near
Toronto, Ontario, Canada. The lake is small (8 ha),
remains thermally stratified from late May until Sep-
tember, and had virtually no inflow during the period
of study. During four investigations, Anabaena spi-
roides comprised from 82 to 97% of the total phyto-
plankton biomass. Algal biomass determinations were
prepared by filtering 0.5- to 1.0-nl portions of lake
water onto 0.45-jLm-pore HA membrane filters (Milli-
pore Corp., Bedford, Mass.). Filters were stained with
phenol-erythrosin B (35), cleared in acetone vapors
(28), and examined at a 1,000x magnification on a
Zeiss phase-contrast microscope with an oil-immersion
objective. At least 400 Anabaena filaments were
counted (25); the number of vegetative cells and het-
erocysts per 100 filaments was determined. Cell vol-
umes were converted to carbon content by the regres-
sion analysis of Mullin et al. (27).
Analysis of chlorophyll a and carotenoid content
was conducted on Whatman GF/C glass-fiber-filtered
material with a dimethylsulfoxide extraction (B. K.
Burnison, manuscript in preparation), followed by
spectrophotometric readings at 664 and 480 nm.
Nitrogenase activity assays. Nitrogenase activ-
ity was measured by the acetylene reduction technique
as described and modified by Flett et al. (9). Water
samples were collected with a van Dorn sampler, 30-
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ml aliquots were placed by syringe into 50-ml serum
bottles, and 5 ml of acetylene was injected through a
rubber serum cap. Samples were incubated in situ at
0, 0.5, 1, and 2 m for 2 h. Gas-phase samples were
removed at the end of the incubation period, and
ethylene production was measured gas chromato-
graphically by comparing peak areas to a standard
calibration curve of ethylene. Lake water filtered
through 0.45-jim GF/C filters and incubated with acet-
ylene was used to determine background ethylene
contamination. Potential nitrogen fixation by plank-
tonic bacteria was checked with water filtered through
3-jim filters (Nuclepore Corp., Pleasanton, Calif.) and
treated in the same way as unfiltered lake water sam-
ples. Ethylene production in these samples was con-
sistently negligible.
Carbon fixation methodology. Parallel '4C-
HCO3 uptake experiments were conducted by the
methods of Steeman-Nielsen (36) as modified by Gold-
man (14). Approximately 3.5 ,uCi of '4C-HCO:j was
added to 125-ml bottles, which were also incubated for
2 h at the above depths. We exposed filters to hydro-
chloric acid vapors after filtration to remove any pre-
cipitated '4C compounds because ambient pH values
were high. Dissolved inorganic carbon was measured
by acidification of water samples, followed by gas
equilibration in helium and thermal conductivity de-










several occasions by the method of Thomas (38) and
was never more than 15% of the total "C uptake.
pH measurements at 2-h intervals were conducted
within 30 min of sample collection.
Dissolved oxygen and temperature were monitored
in situ with a YSI 54 ARC Instrument. PAR, which is
mainly between 400 and 700 nm, was determined with
a LiCor LI-185 Photometer-Radiometer.
RESULTS
Diurnal N2 and CO2 fixation. In contrast to
previous investigations of diurnal N2 and CO2
fixation on mixed communities (12, 34), the ma-
jority (from 82% on 15 June to 97% on 13 August)
of phytoplankton biomass in Thompson Lake
was composed of A. spiroides. Direct compari-
son of factors affecting both processes in the
same organism could thus be made.
In situ studies revealed that CO2 and N2 fixa-
tion shared a dependence on light, but the re-
sponses of both processes to incident PAR were
not strictly identical (Fig. 1). Changes in PAR
usually resulted in an immediate response in
CO2 fixation, whereas the response of N2 fixation






FIG. 1. Diurnal variation in relative PAR (-), CO2 fixation rate integrated over depth (a-), and N2
fixation rate integrated over depth (0- - -0) for the four sampling dates in Thompson Lake.
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as 40% of peak daylight rates could be supported
in complete darkness.
Maximum integral C02 fixation rates occurred
between 1,000 and 1,200 h, before maximum
incident PAR levels were reached (Fig. 1). In
general, photosynthesis showed high early
morning rates, followed by afternoon declines.
Rates of N2 fixation integrated over depth in-
creased more gradually in early morning periods,
reaching maximum rates in early to late after-
noon, after maximum incident PAR levels were
reached (Fig. 1). Calibration of acetylene reduc-
tion assays with '5N2 uptake studies yielded a
conversion factor of 3.9:1, which remained con-
stant throughout the diurnal studies (H. W.
Paerl and P. E. Kellar, manuscript in prepara-
tion).
Inhibition of N2 and CO2 fixation. Before
describing the vertical N2 and C02 fixing re-
sponses to in situ PAR levels, it would prove
useful to describe the relationship ofPAR to the
distribution of biomass (as chlorophyll a) and
thermal stratification in Thompson Lake (Fig.
2). Depth profiles (Fig. 3) indicated that C02
fixation was strongly inhibited at the surface
throughout the day in the first diurnal study and
during all but the first and last sampling inter-
vals in the other three studies. Inhibition of N2
fixation was noticeably less, becoming evident
only in the time interval after initial photosyn-
thetic inhibition. In the last diurnal investiga-
tion, surface inhibition of N2 fixation was absent
despite the fact that C02 fixation was markedly
inhibited.
The lack of surface inhibition of N2 fixation in
the fourth diurnal investigation cannot solely be
attributed to the observed decrease in incident
surface radiation because inhibition at compa-
rable light levels occurred during the other three
diurnal studies (Fig. 2). However, because algal
biomass increased throughout the bloom and
because the amount of PAR reaching 0.25 m
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FIG. 2. Variations in the vertical distributions ofPAR (0), chlorophyll a (0), and temperature (A) during
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FIG. 3. Variation in dissolved oxygen percent saturation (Sat.) (bars), CO2 fixation (0), and N2 fixation
(A) with depth for each incubation interval (T, to T7-) during each of the four diurnal investigations. (A) 15
June; (B) 12 July; (C) 25 July; (D) 13 August.
eventually decreased by 50%, it may be that self
shading aided in alleviating light inhibition. But
because CO2 fixation remained suppressed dur-
ing the fourth diurnal study, it seemed likely
that some factors other than, or in addition to,
light were functioning to suppress photosyn-
thesis but not N2 fixation.
Sensitivity to dissolved oxygen. Previous
work by Peterson et al. (34) and Paerl and Kellar
(32) has shown that CO2 fixation is much more
sensitive to dissolved oxygen concentration than
N2 fixation. Differential in situ sensitivities of
the processes to dissolved oxygen may partially
explain the above observation.
The diurnal patterns of CO2 and N2 fixation
when compared to dissolved oxygen saturation
(Fig. 4) illustrate this point. Dissolved oxygen as
percent saturation was always lowest in the
morning hours, increasing to afternoon plateaus
by 1,500 h. Carbon fixation rates always peaked
before maximum afternoon dissolved oxygen
concentrations were reached. N2 fixation rates,
however, were highest during this period. Simi-
lar results were obtained in Lake George,
Uganda (12), and in Lake Rotongaio, New Zea-
land (30).
When cultures of Anabaena oscillarioides
were incubated under a constant light regime, a
similar pattern of early maximization of CO2
fixation in the presence of lower dissolved oxy-
gen and late maximization of N2 fixation during
afternoon peaks in dissolved oxygen emerged
(30). This again indicates that the patterns were
not solely dictated by incident radiation levels.
Effects of environmental fluctuations on
fixation processes. As the bloom proceeded,
photooxidative conditions became more pro-
nounced. Oxygen supersaturation persisted in
the euphotic zone. Light intensity remained high
at the surface throughout the study. Water col-
umn pH measurements (range, 8.5 to 9.6) indi-
cated that the concentrations of free CO2 present
were low (Table 1). Accompanying these
changes were shifts in the ratios ofpigment pools
in the algae (Table 2). Although chlorophyll a
and carotenoid content per amount of cellular
carbon revealed no consistent trends over time,
the ratio of carotenoids to chlorophyll a in-
creased with progressive sampling dates (Table
2). No significant differences in this ratio were
observed within vertical profiles during each
diurnal study.
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FIG. 4. Variation in average water column percent saturation (Sat.) of dissolved oxygen (bars) and
temperature (0) with time for each of the four diurnal investigations.
TABLE 1. Free CC½, total dissolved organic carbon
(DIC), andpH at 1,400 h during each offour
diurnal studies in Thompson Lakea
Date Depth C02 DIC pH(in)
15 June 0 0.041 20.1 8.7
0.5 0.038 20.7 8.8
1 0.045 21.4 8.7
2 0.056 22.1 8.3
12 July 0 0.039 20.7 8.8
0.5 0.036 21.1 8.8
1 0.037 20.1 8.8
2 0.045 19.5 8.4
25 July 0 0.021 16.2 9.1
0.5 0.018 15.7 9.1
1 0.023 17.1 9.0
2 0.041 20.0 8.6
13 August 0 ND 10.3 9.6
0.5 ND 10.6 9.6
1 ND 10.9 9.1
2 0.049 18.2 8.2
aAll inorganic carbon values are given in milligrams
of carbon per liter. ND, Nondetectable quantities.
Both integral C02 and N2 fixation rates per
day were maximal at the beginning of the bloom
(Fig. 1). Carbon fixation rates declined rapidly
from the first to the second diurnal investigation
TABLE 2. Chlorophyll a and carotenoid content per
totalphytoplankton biomass at a 0.5-m depth
during the second sampling interval of each
diurnala
Chloro- Carote- . Avg Carote-
phyll a/ noid/ Chlotenoid/ noid/chloro-
Date carbon carbon c orophyll phyl a ratio
ratio (pug/ ratio x 100) (.Ug/#tg X
mg) (pg/mg) Ig 100)
15 June 13.98 5.75 41.1 ± 3.4 46.6 ± 6.6
12 July 11.86 7.20 60.7 ± 4.2 59.6 ± 3.4
25 July 16.56 10.24 61.9 ± 4.3 63.8 ± 5.7
13 August 10.36 7.46 72.0 ± 4.7 70.1 + 4.8
a Ratios of carotenoid content to chlorophyll a content dur-
ing this interval are also given. Ratios of carotenoids to chlo-
rophyll a, each integrated with depth from 0 to 2 m for all
sample intervals during each diurnal study, are given in the
right-hand column.
and thereafter more slowly. The decline in N2
fixation rates was more gradual until the last
diurnal investigation, when an increase was ob-
served. The ratio of N2 fixed to C02 fixed
(milligrams of N to grams of C) increased by a
factor of four from the initial to the final sam-
pling date.
This trend was even more dramatic when
rates were expressed per unit biomass (Table 3).
In successive diurnal studies when 0.5-m sam-
ples were examined during the second incuba-
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TABLE 3. N2 and carbon fixation rates calculated at a 0.5-m depth during the second sampling period'
N2 fixation rate Carbon fixation rate
N fixed/C fixed ra-
DLg of N * liter'.* ,g of N-mg of mg of C * liter'. mg of C. mg of tio (pg/mg)
h-1 C-1-h-1 h-1 C-1-h-1
15 June 2.16 0.627 0.662 0.158 3.97
12 July 1.46 0.418 0.145 0.037 11.30
25 July 1.21 0.243 0.101 0.018 13.50
13 August 2.45 0.196 0.022 0.0017 115.29
N2 fixation rates are expressed per liter of water and per biomass of A. spiroides. Carbon fixation rates are
expressed per liter of water and per total phytoplankton biomass. Ratios of nitrogen fixed to carbon fixed during
the second sampling period at a 0.5-m depth are also given.
per unit biomass were observed. The ratio of
micrograms of N fixed to milligrams of C fixed
increased from 3.97 to 115.
The increased ratio of N2 fixed to CO2 fixed
was due to a decrease in the specific photosyn-
thetic rates of the vegetative cells and not to an
increase in N2 fixation per unit biomass. From
25 July to 25 August, when the ratio increased
from 13.5 to 115, no increases in heterocyst fre-
quency (numbers per vegetative cell) or in spe-
cific nitrogenase activity were observed (Table
4); however, N2 fixation rates and heterocysts
per liter doubled. In contrast, the specific rate of
CO2 fixation dropped by a factor of 10.
The decrease in total dissolved inorganic car-
bon and free CO2 concentrations (Table 1) may
have contributed in part to the decline in CO2
fixation rates. As the bloom progressed, the con-
tinued increase in pH, coupled with a decline in
total inorganic carbon, resulted in a further de-
cline in the free CO2 pool.
DISCUSSION
Dissolved oxygen supersaturation presents an
obvious problem for blue-green N2-fixing algae
because it has been shown to at least partially
inhibit in vivo N2 and CO2 fixation when it
exceeds a critical concentration (P02 = 0.2 at-
mosphere [20.3 kPa]) (23, 37). Although the
morphologically and biochemically distinct het-
erocysts promote aerobic N2 fixation by partially
protecting the nitrogenase enzyme from ambient
oxygen (8, 10, 44), they are not completely effec-
tive in doing so (37). N2 fixation in heterocystous
blue-green algae declines with rapid increases in
dissolved oxygen (29, 31). Despite this shortcom-
ing, however, blue-green heterocystous algae
still dominate oxygen-supersaturated, nitrogen-
depleted surface waters for periods often lasting
several months.
This study has shown that, in addition to
possessing heterocysts, A. spiroides displays a
number of ecological strategies which enhance
its ability to exploit the radiant energy-rich epi-
limnion of a hypereutrophic lake.
TABLE 4. Heterocyst frequency and numbers per
liter and specific N2 fixation rate per heterocyst,
determined on samples taken at a 0.5-m depth
during the second sampling interval during each
diurnal study
N2 fixation
Heterocysts Heterocysts rate per heter-
Date per vegeta- pelier x 10' ocyst (pg ofN-
tive cell heterocysts-
h-')
15 June 0.038 5.32 0.406
12 July 0.024 6.82 0.214
25 July 0.024 9.70 0.125
13 Aug 0.023 23.39 0.105
Mechanisms countering photooxidative
death. Conditions conducive to photooxidative
reactions, shown in other studies to result in the
death of blue-green algae (1, 7, 45), were preva-
lent throughout the duration of this study. Sur-
face water inhibition of photosynthesis (13, 15,
16, 23, 42) and N2 fixation (12, 32) has been
observed in many lakes. The combination of
high light intensity (including high ultraviolet
irradiation in surface waters), low free CO2, and
high dissolved oxygen can lead to the destruction
of chlorophyll a and various other cellular con-
stituents.
Cartenoid pigments protect chlorophyll a by
quenching certain excited states that lead to
photooxidative reactions (4). This mechanism
has been examined in photosynthetic bacteria
(5), in green algae (21), and in the unicellular,
nitrogen-fixing, blue-green alga Gloeocapsa al-
picola (3). Asato (2) found a high degree of
resistance to ultraviolet radiation among the
blue-green algae. In G. alpicola, ultraviolet-re-
sistant strains had a higher carotenoid content
than a nonresistant wild-type strain (45).
Throughout this study virtually no gradients
in pigment content per unit biomass or in ratios
of pigments occurred over depth. This suggested
that algal populations were vertically mixed, as
well as migrating throughout the euphotic zone,
allowing for common exposure to light condi-
tions. Temperatures and PAR profiles indicated
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that the depth of the euphotic zone was greater
than the depth of mixing (Fig. 2) so that algal
cells were not mixed into light-limited regions.
The ratios observed are not, therefore, the result
of differential enhancement of pigment produc-
tion in strongly stratified layers forcing a re-
sponse to dramatically different light regimes.
A decline in the ratios of chlorophyll a to
carbon has been noted in response to nutrient
limitation, particularly nitrogen and iron (46).
One would expect that nutrient limitation would
increase as the biomass of the bloom increased
because replenishment of nutrient pools through
inflow did not occur. Furthermore, nutrient as-
says revealed a steady decline in biologically
available nitrogen (NO3 , NH3) and phosphorus
(PO43) throughout progressive diurnal studies.
Decreased chlorophyll a per cell carbon as well
as increased ratios of carotenoids to chlorophyll
a would be expected. No temporal changes in
the ratios of chlorophyll a to carbon were ob-
served; hence, nutrient limitation of chlorophyll
a synthesis does not explain the increased ratios.
Paerl and Kellar (32) found that when nutrient-
enriched cultures of A. oscillarioides were ex-
posed for 24 h to a 200% saturation of dissolved
oxygen, increases in carotenoids occurred with
no corresponding changes in chlorophyll a con-
tent. The rate ofcarotenoid synthesis in the field
population may be too slow to detect on a diur-
nal basis. On a long-term basis, however, in-
creased synthesis is evident. We therefore con-
clude that the increased ratios of carotenoid to
chlorophyll a are responses to prolonged poten-
tial photooxidative conditions and, in this lake,
serve to protect A. spiroides from photooxida-
tive death.
Temporal partitioning of CO2 and N2 fix-
ation. Because heterocysts do not contain a
complete photosystem II apparatus (24) or the
enzyme ribulose 1,5-diphosphate carboxylase
(43), they do not fix CO2, and hence they rely on
vegetative cells for organic carbon supplies. Be-
cause C02 fixation and photosystem II activity
are inhibited in the afternoon, it is clear that
nitrogenase activity can proceed, at least tem-
porarily, on photosystem I processes alone, pro-
vided carbon supplies from the vegetative cells
are adequate. This hypothesis is supported by
the fact that exposure to lo-7 M 3-(3,4-dichlo-
rophenyl)-1,1-dimethyl-urea, a photosystem II
inhibitor, almost completely eliminates CO2 fix-
ation but reduces N2 fixation by only 10% (32).
Weare and Benemann (42) reported similar find-
ings. A. spiroides therefore maximizes the utili-
zation of radiant energy input by continuing to
fix N2 when photosynthesis declines in afternoon
hours.
Ammonia is the initial product formed by N2
fixation; it is immediately combined with carbon
skeletons transferred from the vegetative cells
to form glutamine (26). If carbon skeletons are
not available, accumulation of ammonia within
the heterocyst might result in toxicity or repres-
sion of nitrogenase (10). Accordingly, the max-
imization of C02 fixation before N2 fixation as-
sures an available supply of carbon to incorpo-
rate newly fixed ammonia.
Because both C02 and N2 fixation simultane-
ously depend on photogenerated energy, it is
conceivable that the two processes could com-
pete directly for a common source of reductant
(24). Both the heterocysts, which do not fix C02,
and C02-fixing vegetative cells use fixed carbon
compounds as sources of energy and reductant.
If conditions exist where the accumulation of
carbon reserves in vegetative cells is inhibited,
the transfer of such reserves to the heterocysts
would decrease. There is thus a further advan-
tage in temporally separating C02 and N2 fixa-
tion maxima so that an accumulation of carbon
reserves is ensured before maximum N2 fixation
rates occur.
A review of data presented in previous studies
(12, 30) shows that maximum N2 fixation rates
often follow maximum C02 fixation rates. In this
study at least 50% of the daily C02 fixation
occurred before maximum incident PAR levels
were reached. Observed midday depressions in
C02 fixation were not necessarily contempora-
neous with depressed N2 fixation rates in
Thompson Lake. We therefore conclude that N2
fixation and photosynthesis are not as strictly
linked in time as previously reported (11). Our
data show a generally parallel pattern of C02
fixation to light. Diurnal variations in N2 fixa-
tion, however, do not strictly parallel variations
in incident radiation. N2 fixation, which can also
proceed in darkness, therefore appears to be
controlled by a number of mechanisms not di-
rectly mediated by light. This point is illustrated
by the data from the fourth diurnal study. Sur-
face C02 fixation was inhibited by as much as
75% relative to rates at 0.5 m. No inhibition of
N2 fixation occurred, indicating that the control
mechanisms of the two processes are not neces-
sarily identical under all conditions. Further-
more, if N2 fixation is directly coupled to pho-
tosynthetic C02 fixation, one would expect par-
allel increases or decreases in the relative rates.
We observed, however, that the amounts of N2
fixed relative to the amounts of C02 fixed on a
daily basis increased by a factor of four as the
bloom proceeded.
The following question remains: why does C02
fixation decrease more than N2 fixation as the
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algal bloom progresses? Although a decrease in
total inorganic carbon (especially free C02) was
evident over time, additions of inorganic carbon
as bicarbonate revealed only a slight enhance-
ment of photosynthesis. In addition, our data
showed a 70% decrease in CO2 fixation between
the first and second diurnal studies, whereas
virtually no differences between total inorganic
carbon concentrations and pH values were re-
corded for these diurnal studies. Hence, no clear-
cut relationship between available inorganic car-
bon and CO2 fixation emerges. Furthermore,
inorganic carbon limitation of photosynthesis in
Anabaena-dominated lakes similar to Thomp-
son Lake only occurred when very high phos-
phorus supplies were available (31), which was
not the case here. Increased nutrient limitation
due to an increase in biomass does not explain
the decrease either because no significant
change in total biomass occurred from the first
to the second diurnal, whereas photosynthesis
was dramatically altered.
The most likely reasons for the lower CO2
fixation rates is the occurrence of supersaturated
dissolved oxygen levels during the afternoons.
Prolonged exposure of heterocystous blue-green
algae to supersaturated oxygen conditions
sharply decreases CO2 fixation (29, 30, 31). N2
fixation initially decreases but eventually re-
covers to rates often exceeding those of controls,
even under continual supersaturation (29, 30,
31). Dissolved oxygen levels high enough to in-
hibit CO2 fixation (34) were observed throughout
the entire study. Levels capable of lowering ni-
trogenase activity occurred during the after-
noons of the first two diurnal studies and
throughout the entire day during the latter two.
Thus, what has been observed in heterocystous
blue-green algae in the laboratory (29, 30) may
be operative in situ. Because CO2 fixation has
been shown to remain suppressed even after
prolonged exposure to levels above 0.2 atmos-
phere, these events may account for the lower
rates observed in Thompson Lake. The sus-
tained rate of N2 fixation may be due to mech-
anisms of recovery similar to those observed in
the laboratory.
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